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Four kinds of nanocrystalline Mo(Si12xAlx)2 coatings with differing Al contents are prepared onto a

Ti–6Al–4V substrates by a double cathode glow discharge apparatus. The microstructural

features of the deposited coatings were characterised by X-ray diffraction, scanning electron

microscopy and transmission electron microscopy. These coatings are composed of the

equiaxed C40–MoSi2 grains with the average grain size of ,5 nm. Nano-indentation measure-

ments indicated that the hardness H, elastic modulus E and the H/E or H3/E2 ratio of the

nanocrystalline Mo(Si12xAlx)2 coatings slightly increase with the increase in Al content. The

tribological behaviour of the nanocrystalline Mo(Si12xAlx)2 coating sliding against a ZrO2 ceramic

ball at room temperature has been compared using a ball-on-disc type tribometer under

unlubricated conditions. Experimental results showed that the specific wear rates of the

nanocrystalline Mo(Si12xAlx)2 coatings decrease with increasing Al content and are dramatically

reduced by more than 1–2 orders of magnitude over the uncoated Ti–6A1–4V. The enhancement

of wear resistance of the nanocrystalline Mo(Si12xAlx)2 coatings by Al additions is correlated with

the increased mechanical properties and the forming oxide layer by tribochemical reactions.
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Introduction
Owing to their unique combination of high specific
strength, excellent chemical stability and good biocom-
patibility, titanium alloys have found a wide range of
applications ranging from aerospace and food pro-
cessing to biomedical areas. Nevertheless, the poor
tribological properties caused by relatively low surface
hardness and high friction coefficient have seriously
hindered extensive applications of titanium alloys in
many sliding components, especially where high wear
resistance is required.1–3 One of the most promising
ways to combat this problem is the application of
different hard surface modified coatings on titanium
alloys.4,5 From a tribological perspective, molybdenum
silicide (MoSi2) can potentially be regarded as an
attractive wear resistant and antifriction surface coating
material suitable for extremely harsh working conditions
because of its inherent high hardness and high elastic
modulus.6 For instance, Hawk and Alman7 have

compared the abrasive wear behaviour of monolithic
MoSi2 with refractory metals, aluminide and oxide
ceramics. They found that the wear resistance of MoSi2
is comparable to that of oxide ceramics and markedly
superior to that of refractory metals and aluminide. A
major challenge in the wide application of MoSi2, like
many other intermetallic compounds, is to overcome its
intrinsic brittleness at ambient temperature. In general,
wear resistance of brittle materials is dependent on
mechanical properties and microstructural features, and
thus, the improved mechanical properties, such as
hardness and fracture toughness, and microstruc-
tural refinement are beneficial for the enhanced wear
resistance.8,9 Different from ionic or covalent bonding
seen in ceramics, the partial metallic character of
bonding in MoSi2 provides the possibility of alloying
as a potential avenue to reduce the low tempera-
ture brittleness. MoSi2 is a dimorph compound, which
possesses a hexagonal close packed C40 structure with
P6222 space group between the melting point and
1900uC and a tetragonal body centred C11b structure
with I4/mmm space group below this temperature.10,11

The theoretical and experimental work suggested that
alloying C11b MoSi2 with different elements, such as Al,
Mg, Ti, V, Nb and Re, has appreciable effect on its me-
chanical properties.12–14 Among possible substitutional
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alloying elements, Al seems to be the most effective
in improving the ductility and oxidation resistance
of monolithic MoSi2, since Al enhances the metallic
character of bonding in MoSi2 and has strong affinity to
oxygen.15,16 In comparison with the well investigated
C11b structured MoSi2, little work is addressed upon the
issue of the mechanical behaviour of C40 structured
MoSi2, which is mainly attributed to the difficulty in
fabricating the metastable C40 structured MoSi2 with
conventional processing. Theoretical calculations have
revealed that the reduction in symmetries from C11b

structured to C40 structured MoSi2 can lead to an
improvement in ductility.17

In the present work, to improve the tribological
behaviour of Ti–6A1–4V alloy, four kinds of sputter
deposited nanostructured C40 Mo(Si12xAlx)2 coatings
have been prepared on Ti–6A1–4V alloy substrates by a
double cathode glow discharge technique. Their micro-
structure was characterised by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The influence of Al
additions on the hardness H, elastic modulus E and
wear resistance of the resultant coatings of nanostruc-
tured C40–Mo(Si12xAlx)2 coatings was explored. To
gain a deeper insight into wear mechanisms, the
morphologies and phase composition of worn surfaces
were analysed using SEM and X-ray photoelectron
spectroscopy (XPS).

Experimental
The nanocrystalline Mo(Si12xAlx)2 coatings were depos-
ited onto Ti–6A1–4V alloy substrates by a double cath-
ode glow discharge apparatus, as described elsewhere.18

Inside the chamber, one cathode is used as the target,
and the other is used as the substrate. The glow dis-
charge sputtering conditions were as follows: base pre-
ssure, 461024 Pa; target electrode bias voltage, 2900 V;
substrate bias voltage, 2300 V; substrate temperature,
850uC; working pressure, 35 Pa; parallel distance between
the source electrode and the substrate, 12 mm; and
treatment time of 3 h. The sputter targets were fabricat-
ed by employing cold compacting technology under a
pressure of 600 MPa from ball milled Mo (99?99%
purity), Al (99?99% purity) and Si powders (99?99%
purity). The substrate material was Ti–6Al–4V in the
form of discs with a diameter of 40 mm and a thickness

2 SEM cross-section micrograph of the as-deposited Mo(Si1-xAlx)2 coatings (a) MoSi2 coating; (b) Mo(Si0?955Al0?045)2 coat-

ing; (c) Mo(Si0?925Al0?075)2 coating; (d) Mo(Si0?835Al0?165)2 coating

1 XRD patterns of the Mo(Si1-xAlx)2 nanocrystalline

coatings
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of 3 mm. The nominal composition was Ti–6?04Al–
4?03V–0?3Fe–0?1C–0?015H–0?05N–0?15O (wt-%). Before
deposition, the Ti–6Al–4V substrates were polished
using silicon carbide abrasive paper of 2400 grit and
then ultrasonically cleaned in pure alcohol. Four kinds
of nanocrystalline Mo(Si12xAlx)2 (x50, 0?045, 0?075
and 0?165) coatings were deposited on Ti–6Al–4V alloy
substrates using four targets with different stoichio-
metric ratios (Mo25Si75, Mo25Si70Al5, Mo25Si65Al10 and
Mo25Si60Al15) respectively. The reasons for such a
difference in the composition of the targets and the as
deposited coatings are that the composition of the as
deposited coatings is related to not only the composi-
tion of targets materials but also the sputtering yields
of the various elements in the target materials. Fur-
thermore, the diffusion of different alloying elements at
the interface between the as deposited coatings and
substrate also affects the final composition of the
coatings.

The phase compositions of the as deposited coatings
were studied by XRD (D8ADVANCE with Cu Ka

radiation) operated at 35 kV and 40 mA. X-ray data
were collected using a 0?1u step scan with a count time of
1 s. The microstructures of the as deposited coatings
were examined using SEM (Quanta200, FEI Company)
incorporating an X-ray energy dispersive spectroscopy
(EDS; EDAX Inc.) analyser attachment and field
emission TEM (Philips CM200, Eindhoven, The
Netherlands). The etching of the as deposited coatings
was accomplished with the use of Kroll’s reagent (10 mL
HNO3, 4 mL HF and 86 mL distilled water) for 20–30 s.
Thin foil specimens for plan view TEM samples were
prepared by cutting, grinding, dimpling and a final
single jet electropolishing from the untreated side of the
substrate at low temperature.

Nano-indentation tests were conducted on all the as
deposited coatings using a nano-indentation tester
equipped with a Berkovich diamond tip. This system,
developed by CSEM Instruments, comprises two

3 (a) A plan-view TEM bright-field image of the as-deposited Mo(Si0?955Al0?045)2 coating; (b) HRTEM image of as-deposited

Mo(Si0?955Al0?045)2 coating

4 (a) Load-displacement curves of the Mo(Si1-xAlx)2 coating

under a maximum load of 20 mN; (b) The variation of the

hardness and the elastic modulus with Al content in the

coatings; (c) The variation of the ratio of H/E and H3/E2 with

Al content in the coatings
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distinct components: a measuring head for performing
nano-indentation and an optical microscope for select-
ing a specific sample site before indentation and for
checking the location of the imprint after indentation.
The system has load and displacement resolutions of
10 mN and 1 nm respectively. Fused silica was used as
a standard sample for the initial tip calibration. The
indentation was performed by driving the indenter at a
constant loading rate of 40 mN min21 into the material
surface with the maximum applied load of 20 mN.
Hardness and the elastic modulus were evaluated using
the Oliver–Pharr method19 based on the load displace-
ment data obtained during the indentation tests. Each
hardness and elastic modulus data were derived from
the load displacement curves of at least five indenta-
tions to ensure repeatability of the experimental data.
Adhesion strength of the as deposited coatings was
measured by a commercial scratch tester (WS-97),
equipped with an acoustic emission (AE) detector. The
scratch tests were performed by drawing a 200 mm
radius Rockwell C diamond indenter across the coating
surfaces under a normal load increasing linearly from 0
to 100 N. The loading rate was set at 20 N min21, and
the scratch speed was 1 mm min21. An AE sensor
was attached near the diamond indenter tip to detect
the acoustic signals emitted from the coating failure.
The minimum load at which a sudden increase in the
intensity of the acoustic signals occurs is defined as the
critical load Lc, which represents the coating adhesion
strength.

The friction and wear tests were conducted using an
HT-500 ball-on-disc type tribometer under dry condi-
tions at room temperature in air with a relative humidity
of 40–45%. In the present work, the balls, each 3 mm in
diameter, were made of ZrO2 with a hardness of
1300 HV and the lower disc samples (1061063 mm)
were machined from both the uncoated substrate and
the coated alloys. During the wear test, the ceramic ball
was slid on the specimen surface describing a circle with
a diameter of 6 mm at a sliding velocity of 0?176 m s21

under the applied normal loads of 2?8 and 4?3 N
respectively. The friction coefficient was continuously
recorded using a Dell PC connected to the ball-on-disc
test rig. The duration time of each test was 30 min,
which corresponded to a sliding distance of 316?8 m.
The profiles of the worn surfaces were measured using a
MicroXAM non-contact optical profilometer (ADE
Phase-Shift, USA), and the worn volume loss was
evaluated by calculating the cross-sectional areas of
worn tracks developed on the surface of the samples.
The morphologies and phase compositions of worn
surfaces were analysed by SEM (Quanta200, FEI
Company) and XPS. The XPS measurements were
carried out by Kratos AXIS Ultra ESCA System using
Al Ka (1486?71 eV, pass energy of 20 eV).

Results

Microstructures and phase analysis
Figure 1 shows the XRD patterns for the as deposited
Mo(Si12xAlx)2 (x50, 0?045, 0?075 and 0?165) coatings.
It can be seen that for all the as deposited coatings, only
Bragg peaks corresponding to hexagonal C40 MoSi2 are
identified and the strong intensity of C40 MoSi2 (111)
peak at 41?36u indicates the as deposited coatings with a
preferred (111) orientation. Furthermore, with increas-
ing Al content, there is shift of the peaks of the C40
Mo(Si12xAlx)2 towards a lower 2h values compared with
the powder diffraction file data. The results show that
the substitution of Al for Si leads to a lattice expansion
due to the larger atomic radius of Al compared to Si.
Note that although C40–MoSi2 is a metastable phase
with respect to C11b MoSi2 at ambient temperature, this
metastable phase can be formed under non-equilibrium
conditions, such as thin film deposition.20 In our case,
the growth of coatings by glow discharge deposition is
analogous to other thin film deposition processes (e.g.
physical vapour deposition). Under such conditions, the
mechanism of phase formation in the coatings is
governed by the nucleation model, suggesting that the

5 (a) Acoustic emission signal peaks vs. normal load curves of Mo(Si1-xAlx)2 coating; (b) The corresponding SEM

micrographs of the scratch tracks
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phase with either the fastest nucleation rate or the
smaller nucleation barrier is most likely formed. Since
C40–MoSi2 (1?5 eV) has a lower activation energy for
nucleation than C11b MoSi2 (7?8 eV), the formation of
C40–MoSi2 is before that of C11b MoSi2 during glow
discharge deposition.21 Figure 2 shows typical cross-
section SEM images of the four kinds of as deposited
Mo(Si12xAlx)2 coatings formed on Ti–6Al–4V alloy.
Clearly, the as deposited coatings have dense micro-
structure, free of any visible microcracks or pores, and
are securely anchored to the substrate. Through XRD
and EDS analysis, the microstructure of the as deposited
coatings is actually classified into two uniform layers,
namely, a Mo(Si12xAlx)2 layer and a Mo diffusion layer.
The Mo diffusion layer can be further divided into b
phase layer and a0/a9 phase layer from outside to inside,
as described elsewhere.22 It is evident from Fig. 2 that an
increase in Al content has negligible impact on the
thickness of a Mo(Si12xAlx)2 layer, but significantly
increases the thickness of the Mo diffusion layer, due to
the fact that the Al addition imparts more metallic
character to the bonding in the molybdenum disilicide,
leading to a reduction in the diffusional resistance of
Mo inward into the substrate.15 A typical plan view
bright field TEM image and high resolution TEM image
taken from the outermost layer of the as deposited
Mo(Si0?955Al0?045)2 coating are shown in Fig. 3. It is
clearly seen that the as deposited Mo(Si0?955Al0?045)2

coating shows a uniform distribution of grain size with
an average at y5 nm. The strong diffracted intensity of
the (111) ring provides further evidence that the as
deposited Mo(Si0?955Al0?045)2 coating exhibits a strong
(111) texture. The spacings of the lattice fringes of the
crystallites marked by circles can be calculated as
2?18 Å, which corresponds to the interplanar distance
for the (111) lattice plane of the hexagonal C40 MoSi2.

Nano-indentation and scratch tests
Figure 4a illustrates typical load–displacement (p–h)
curves for the as deposited Mo(Si12xAlx)2 coatings
indented with a maximum load of 20 mN. The maximum
depth of the diamond indenter penetration into the
coatings and residual depth decrease with increasing x
values. It is to be noted here that for thin hard coatings on
ductile substrates, if the maximum indentation depth is
smaller than 10% of the as deposited coatings thickness,
the contribution to measured mechanical properties from
its substrate is negligible. Therefore, the results of
indentation measurements reported here should accu-
rately reflect the mechanical behaviour of as deposited
coatings. Figure 4b shows the hardness and the elastic
modulus calculated using Oliver–Pharr method based on
the load displacement data obtained from the as
deposited Mo(Si12xAlx)2 coatings. The results show that
the hardness and elastic modulus of the as deposited
Mo(Si12xAlx)2 coatings increase with increasing Al
addition. Although hardness has long been regarded as
a primary material property to evaluate the wear
resistance of materials based on classical theories of
wear, many researchers have proposed that the elastic
strain to failure (H/E) and plastic deformation resistance
factor (H3/E2) are more suitable parameters for predicting
wear resistance than hardness alone.23,24 Figure 4c shows
the variation of the ratio of H/E and H3/E2 with Al
content in the coatings. It can be seen that the ratio of H/
E and H3/E2 for the as deposited Mo(Si12xAlx)2 coatings

also increases monotonically with increasing Al content
in the coatings, indicative of a potential increase in wear
resistance of Mo(Si12xAlx)2 coatings by the addition of
Al.

The scratch resistance is a good indicator of not only
adhesion strength between the coating and the substrate
but also the load bearing capacity, fracture toughness
and abradability of a coating.25–27 A commercial scratch
tester was used to estimate the adhesion strength and

6 Coefficient of friction vs. sliding times and specific

wear rates for the four as-deposited Mo(Si1-xAlx)2 coat-

ings and the uncoated Ti-6A1-4V alloy under two

applied normal loads. (a) Friction coefficient under the

load of 2?8N; (b) Friction coefficient under the load of

4?3N. (c)The specific wear rates for the four as-depos-

ited Mo(Si1-xAlx)2 coatings and the uncoated Ti-6A1-4V

alloy
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damage responses of the as deposited coatings on
the substrates. The AE curves of the as deposited
Mo(Si12xAlx)2 coatings are plotted as a function of the
normal load in Fig. 5a, and the corresponding SEM
images of scratch tracks are displayed in Fig. 5b. All
curves show an abrupt increase in AE signals when the
scratching load reaches a critical load. As shown in
Fig. 5b, the width of scratched tracks increases with the
increase in the applied scratch loads. The scratch tracks
show smooth morphologies without detectable delami-
nation or microcracks, at the scratch loads below the
critical loads, and subsequently, microcracks perpendi-
cular to the scratch direction accompanied by chipping
of the coatings along the sides of the scratch track are
observed when the scratching loads exceed the critical
loads that the coatings could support. It is evident that
the critical loads increase with the content of Al in the
coatings. The results can be explained from the fact that
a marked increase in the thickness of the Mo diffusion
layer by Al addition is favourable for lowering stress
concentrations at the interface when the coatings are
subjected to external loads.

Friction and wear
The variation of friction coefficient as a function of
sliding time under two applied normal loads for the four
as deposited Mo(Si12xAlx)2 coatings and the uncoated
Ti–6A1–4V sliding against ZrO2 ceramic balls is plotted
in Fig. 6a and b. All measured friction curves presents a
strong similarity in shape and are characterised by two
distinguishable stages. At the first stage, the friction
coefficient increases rapidly, followed by a second stage

where the friction coefficient reaches a steady state
value. For the MoSi2 coating, the steady state friction
coefficient is higher than that of the uncoated substrate
at a normal load of 2?8 N, while an opposite tendency is
observed at the higher normal load of 4?3 N. On the
contrary, the steady state friction coefficients for the
Mo(Si12xAlx)2 (x50?045, 0?075 and 0?165) coatings are
lower than those for the uncoated Ti–6A1–4V alloy
under each tested load. Figure 6c shows the variation of
specific wear rates as a function of the applied load for
the as deposited coatings and the uncoated Ti–6A1–4V
at a fixed sliding time. The specific wear rates increase
with an increase in the load for all of the tested samples.
Under the same tested load, the specific wear rates of the
as deposited coatings decrease with increasing Al
content and are dramatically reduced by .1–2 orders
of magnitude over the uncoated Ti–6A1–4V, indicating
that the as deposited Mo(Si12xAlx)2 coatings may
effectively enhance the wear resistance of Ti–6A1–4V
alloy. The change tendency of specific wear rates is also
in accordance with that of the ratios of H3/E2 and H/E
for the as deposited Mo(Si12xAlx)2 coatings. Figure 7
shows the SEM images of the worn surfaces of the as
deposited Mo(Si12xAlx)2 coating sliding against ZrO2

ceramic ball under the normal loads of 4?3 N. As shown
in Fig. 7a and b, the worn surfaces of the Mo(Si12xAlx)2

(x50 and 0?045) coatings appear to be very loose and
rough, consisting of numerous large craters result-
ing from brittle detachment, together with parallel
grooves formed by plowing action. In contrast, the
Mo(Si12xAlx)2 (x50?075 and 0?165) coatings show
rather dense and smooth worn surfaces, showing no

7 The SEM images of the worn surfaces of the as-deposited Mo(Si1-xAlx)2 coatings sliding against ZrO2 ceramic balls

under the normal loads of 4?3N. (a) MoSi2 coating; (b) Mo(Si0?955Al0?045)2 coating; (c) Mo(Si0?925Al0?075)2 coating; (d)

Mo(Si0?835Al0?165)2 coating
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sign of delamination or wear grooves, as shown in
Fig. 7c and d. To determine whether or not the relevant
tribochemical reactions take place during the dry sliding
wear process of the coatings, XPS analysis was
performed on the Mo(Si12xAlx)2 (x50 and 0?075)
coatings, as shown in Fig. 8. As shown in Fig. 8a, the
Mo 3d spectra consists of doublet peaks Mo 3d5/2 and
Mo 3d3/2 at 233 and 236?1 eV, which are designated as
MoO3. As shown in Fig. 8b, the Si 2p spectra show a
single peak at a binding energy of 103 eV, which is
typical of Si in the form of SiO2. As expected, Al 2p
peaks are detectable from the worn surface of the
Mo(Si0?925Al0?075)2 coating. As shown in Fig. 8c, the Al
2p spectra show one component with a binding energy
of 75?0 eV corresponding to Al2O3.

Discussion
Experimental results above indicate that the addition of
Al has an important impact on mechanical properties of
the coatings, adhesion strength between the coatings and
the substrate, and the behaviour of the tribochemical
layer, and those factors play key roles in determining the
wear process of the coatings. For C40 MoSi2, only basal
slip along S11-20T on (0001) is operative and no other
slip systems are observed in the temperature range from
room temperature to 1500uC. Inui et al.28 suggested that
for C40 structured MoSi2, basal slip appears to occur
through a synchroshear mechanism, in which a sequence
of shears occurs synchronously on two adjacent (0001)
planes, and these are involved in a C40RC11b phase
transformation. Therefore, alloying C40 MoSi2 with Al
that forms a C40 structured disilicide would increase the
energy difference between C40 and C11b structures, and
thus, the Peierls stress changes accordingly, resulting in
solid solution hardening. Harada et al.29 also found that
Al additions in Mo(Si12xAlx)2 up to about x50?15
resulted in the formation of C40 structured MoSi2, and
its hardness increases gradually with Al content. The
abovementioned theoretical analysis is in complete
accord with the experimental data determined by
nano-indentation. Furthermore, in terms of the para-
meters of H/E and H3/E2 and results of scratch tests,
alloying C40 MoSi2 with Al can not only enhance the
resistance to plastic deformation but also improve the
load bearing capacity of the as deposited coatings.
During the wear process, the friction force is partly
attributed to the force needed in the plastic deformation
of the Mo(Si12xAlx)2 coatings. With a higher Al content,
the depth that the hard asperities of counterpart ZrO2

ceramic ball penetrate the Mo(Si12xAlx)2 coatings is
smaller, and accordingly, the force required for the
plastic deformation is smaller. Therefore, the friction
coefficients of the Mo(Si12xAlx)2 coatings decrease with
a further increase in the amount of Al addition.

Under conditions of dry sliding wear, due to the
combined effect of tribothermal and tribomechanical,
the Mo(Si12xAlx)2 nanocrystalline coatings, with a
higher surface activity and more grain boundaries,
easily react with oxygen present in the air, and hence,
the formation of tribochemical layers is produced on the
worn surface, as confirmed by XPS analyses. Based on
the observations of the worn surface topography, the
tribochemical layers formed on the Mo(Si12xAlx)2 (x50
and 0?045) coatings show poorly protective effective-
ness and are readily plastic removal and detached from

the worn surfaces. In contrast, the continuous and
dense tribochemical layers are well adhered to the
Mo(Si12xAlx)2 (x50?075 and 0?165) coatings and provide
the solid lubrication action, weakening the scratching
effect and reducing the wear rates of the coatings.
Moreover, no significant changes in the grain sizes and
hardness of Ti–6Al–4V alloy were observed before and
after surface treatment of double cathode glow discharge,
suggesting that the nanocrystalline Mo(Si12xAlx)2 coat-
ings prepared by double cathode glow discharge techni-
que is expected to be a feasible method for improving the
wear resistance of Ti alloys.

8 XPS analysis on the worn surfaces of Mo(Si1-xAlx)2
(x50 and 0?075) coatings (a) Mo 3d spectra; (b) Si 2p

spectra; (c) Al 2p spectra
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Conclusions
In summary, four kinds of C40 Mo(Si12xAlx)2 nano-
crystalline coatings with varying Al contents were
prepared on Ti–6Al–4V alloy substrate by a double
cathode glow discharge apparatus. The resultant coat-
ings with the average grain size of ,5 nm show a strong
(111) preferred orientation. The hardness elastic strain
to failure (H/E) and plastic deformation resistance (H3/
E2) of the Mo(Si12xAlx)2 coatings increase with increas-
ing Al addition. Under the same tested load, the specific
wear rates of the Mo(Si12xAlx)2 coatings decrease with
increasing Al content and are dramatically reduced by
more than 1–2 orders of magnitude compared with the
uncoated Ti–6A1–4V. The results show that both the
mechanical properties and the formation of the tribo-
chemical layers on the worn surfaces play vital roles in
determining the wear resistance of the Mo(Si12xAlx)2

coatings.
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