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ABSTRACT

In order to improve the wear resistance of titanium alloys, five kinds of sputter-deposited nanocrys-
talline (MoxCry_x)s5Si3(x=1, 0.78, 0.75, 0.64, 0.57) films with average grain size 8 nm were fabricated on
a substrate of Ti6AI4V alloy by means of a double cathode glow discharge technique. The microstructure
and composition of the as-deposited films were characterized by scanning electron microscope (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD) and energy dispersive spectrometer
(EDS). Nanoindentation was used to measure hardness (H) and elastic modulus (E) of the as-deposited
films. High temperature friction and wear properties of the as-deposited films were investigated against
Zr0O, ceramic balls by a ball-on-disk system at 600°C. Compared with the Ti6Al4V alloy, the friction
coefficient values of the nanocrystalline (MoxCr_y)5Sis films were reduced by 0.2-0.3, and specific wear
rates decreased by two orders of magnitude and were around or lower than 10~ mm?3/(N m) at the load
ranging from 3.3 N to 4.8 N. The friction coefficient and specific wear rates of the as-deposited films relied
on the Cr content in the nanocrystalline (MoxCr;_x)sSi3 films, and the higher the Cr content, the lower

friction coefficient and wear rates.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium alloys, due to their excellent combination of high spe-
cific strength, low density, outstanding corrosion resistance and
good biocompatibility, are a good choice to be used for structural
applications in the aerospace, automotive, chemical, marine and
biomedical industries [1,2]. However, the poor tribological perfor-
mance of titanium alloys, manifested by high friction coefficients
and severe adhesive wear with a strong tendency to seizing and
low abrasion resistance, extensively limits their practical applica-
tions where wear resistance is required [3,4]. Particularly, under
dry sliding at high temperature conditions, the degradation is
even worse because the passive oxide layer is easily removed by
spalling or microfragmentation, and subsequent reoxidation of the
exposed metal surface occurs [5]. The poor tribological proper-
ties can be attributed to the inherent nature of titanium alloys,
including electron configuration, crystal structure and lubrication
characteristics [6]. Therefore, a number of different surface mod-
ification techniques, such as laser surface treatment plasma [7],
immersion ion implantation (PIII) [8], chemical vapor deposition
(CVD) [9,10], and physical vapor deposition (PVD) [11,12], were
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recently applied to improve the tribological behaviour of titanium
alloys.

In recent years, refractory transition metal silicides alloys have
attracted much attention as promising high temperature struc-
tural materials because of their outstanding balance of high melting
point, high strength, low density, high elastic modulus and excel-
lent creep and oxidation resistance [13-15]. Compared with other
refractory metals, the silicides of molybdenum have generally
exhibited good oxidation, corrosion resistance and a lower density
[16]. In the Mo-Si system, there are three compounds, i.e. C11-
structured MoSiy, D8;;-structured MosSiz, and A15-structured
Mos3Si. Among the compounds of molybdenum silicides, D8y~
structured MosSi3 is the most refractory compound having a
melting point of 2180°C, thus having a great potential for struc-
tural applications in harsh environments. MosSi3 shows the very
high hardness up to temperatures of 1200 °C and has been regarded
as a self-lubricating phase, due to the fact that MosSi3 reacts with
the oxygen at the contact surface and forms self-lubricating MoO3
under unlubricated sliding wear conditions [17]. Thus, MosSi3 is
expected to be a new class of wear resistant candidate materials
for those moving mechanical components working under high-
temperature aggressive tribological conditions. A number of papers
have addressed the mechanical properties and oxidation behaviour
of MosSi3 [18-20]. However, as far as the authors know, no litera-
ture has been reported with regard to the wear resistance of MosSi;


dx.doi.org/10.1016/j.jallcom.2010.11.051
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xujiang73@nuaa.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.11.051

J. Xu et al. / Journal of Alloys and Compounds 509 (2011) 2450-2460 2451

metal silicide alloys either as bulk or coating materials, much less
the nanocrystalline MosSis.

In our previous work [21,22], we have found that the double-
cathode glow discharge technique can be used to synthesize
nanocrystalline Al;Mg film and nanocrystalline Cr3Si film with a
grain size of <5 nm on magnesium alloy and titanium alloy, respec-
tively. The purpose of this investigation is to overcome the poor
tribological performance of Ti6Al4V alloy. Five kinds of nanocrys-
talline (MoxCrq_x)5Si3(x=1, 0.78, 0.75, 0.64, 0.57) films have been
prepared on Ti6Al4V alloy substrates by double cathode glow
discharge. The influences of chromium content on the high tem-
perature friction and wear properties of (MoxCry_x)5Si3(x=1, 0.78,
0.75, 0.64, 0.57) films against ZrO, ceramic balls have been investi-
gated by a ball-on-disk type tribotester. In an effort to understand
the mechanisms controlling the wear processes and tribological
behaviours, the morphologies of the worn surfaces and isothermal
oxidation behaviour of the films were studied.

2. Experimental method

The nanocrystalline (Mo,Cry_y)sSis films were deposited onto Ti6Al4V alloy sub-
strates by a double cathode glow discharge apparatus which was described in our
previous papers [21]. In the process of double-cathode glow discharge, one cath-
ode is fabricated as source (target) by desired sputtering materials, and the other
cathode is as substrate materials. When two different voltages are applied to the
two cathodes, glow discharge comes into being. The glow discharge sputtering
conditions are: base pressure, 4 x 10~4 Pa; target electrode bias voltage, —900V;
substrate bias voltage, —350V; substrate temperature, 800°C; working pressure,
35Pa; and parallel distance between the source electrode and the substrate, 15 mm
and treatment time of 3 h. The sputter targets were fabricated by employing cold
compacting technology under a pressure of 600 MPa from ball-milled Mo (99.99%
purity), Cr(99.99% purity) and Si powders (99.99% purity). The substrate was Ti6Al4V
alloy disks of 40 mm in diameter and 3 mm in thickness. The substrates were
mechanically ground and progressively polished with a diamond paste. The pol-
ished substrates were then washed in acetone and ethanol by an ultrasonic washer.
Five kinds of (MoyCr;_4)sSi3 (x=1, 0.78, 0.75, 0.64, 0.57) films were deposited onto
substrate material by the double cathode glow discharge using five targets with
different stoichiometric ratios (MosgSisg, M04oCriSisg, M035Cry5Sisg, M039Cr20Siso
and Moy5Cr,5Sisg), respectively.

Phase composition of the as-deposited films was characterized with X-ray
diffractometry (XRD, DSADVANCE) operated at 35kV and 40 mA. X-ray data were
collected using a 0.1° step scan with a count time of 1s. The etching of the
(MoyCrq_x)sSi3 films was accomplished with the use of Kroll's reagent (10 ml HNOs,
4ml HF and 86 ml distilled water) for 20-30s. The cross-sectional morphology
and chemical composition of the as-deposited films were studied by scanning
electron microscopy (SEM, Quanta200, FEI Company) and energy-dispersive X-ray
spectroscopy (EDX). Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were observed by JEOL JEM-
2010 at an accelerating voltage of 200kV. Thin foils samples for TEM observation
were cut from as-deposited film and were prepared by single jet electropolishing
from the untreated side of the substrate.

The nanohardness and the Young’s modulus of as-deposited film were obtained
by the nanoindentation tester (NHT) equipped with a Berkovich tip. This system,
developed by CSEM Instruments, comprises two distinct components: a measuring
head for performing nanoindentations and an optical microscope for selecting a
specific sample site prior to indentation, and for checking the location of the imprint
after indentation. The system has the load and displacement resolutions of 10 mN
and 1nm, respectively. Fused silica was used as a standard sample for the initial
tip calibration. The indentation was worked by driving the indenter at a constant
loading rate of 40 mN/min into the materials with the maximum applied load of
20mN. The standard analysis procedure proposed by Oliver and Pharr [23] was
used to determine the hardness of the specimens from the unloading curve. For each
indentation displacement, nanoindentation tests were conducted at five different
locations to ensure repeatability of the experimental data.

Friction and wear tests were performed on a HT-500 tribometer with ball-on-
disk configuration under dry sliding conditions at 600 °C. The as-deposited films
specimens were tested against a 3mm diameter ZrO, ceramic ball counterpart
(nominal hardness HV = 13 GPa). The tests were carried out at normal load of 3.3 N,
3.8N, 43N and 4.8N, and the sliding speed of the counterpart ball was 22 cm/s.
The total sliding distance for the test was 633 m. The friction coefficient is moni-
tored on-line during the tests. The worn volume loss was assessed by calculating the
cross-sectional areas of wear tracks developed on the surface of the samples, after
measuring their width and depth by a MicroXAM™ non-contact optical profilome-
ter (ADE Phase-Shift, USA). The morphology, chemical compositions and phase
identification of worn surfaces and wear debris were analyzed by SEM-EDX and
XRD.

3. Results
3.1. Microstructures and phase analysis

The X-ray diffraction patterns of the five kinds of as-deposited
(MoxCry_x)5Si3(x=1, 0.78, 0.75, 0.64, 0.57) films are presented in
Fig. 1. The diffraction patterns are characterized by a set of broad
peak indexed as D8,-structured MosSi3 phase (JCPDS Card No.76-
1578), indicating that all the as-deposited films consist of a single
phase of (MoxCr;_x)5Si3, and phase composition of the films is inde-
pendent of the substitution of Cr for Mo. This is due to the fact that
Cr5Si3—MosSis is an infinitive solid-solute system and the chemical
bond of Cr atom in D8, system is considered to be similar to that
of Mo atoms. Thereby, the formation of second phases never occurs
with the substitution of Cr for Mo site in MosSis. Furthermore, it is
evident that shift of the diffraction peaks strongly depends on the
Cr content in the films. Owing to the atomic radius of Cr element
is smaller than that of Mo element, the diffraction peaks gradually
shift in the direction of larger angles in comparison to the powder
diffraction file (PDF) data for MosSi3 with the increasing addition of
Cr to MosSis, indicating a lattice contraction. This is in accordance
with the results reported in reference [24].

Fig. 2 shows SEM cross-sectional morphologies and EDS line
profiles of as-deposited MosSis film and (Mog75Crg25)5Si3 film
formed on Ti6AI4V alloy. Clearly, the two films are continuous and
compact, and combined well with the Ti6Al4V alloy substrate with-
out pores and micro-cracks. The microstructure of two kinds of
(MoxCry_x)5Si3(x=1, 0.75) films can be classified into two uniform
layers, namely, deposited layer and diffusion layer. The deposited
layer contains mostly Mo (or Mo + Cr) and Si, and the Mo (or Mo + Cr)
and Si concentrations across the depth of deposited layer remain
almost constant with a molar ratio of Mo (or Mo +Cr) to Si close
to 1.66, indicating that the deposited layer is composed of single
(Mo,Cr)5Si3 phase. In order to understand the constituent phases
of the diffusion layer, the phases present in the diffusion layer
are identified by X-ray diffraction after removing a part of MosSis
deposited layer, and its XRD pattern is plotted in Fig. 1 (curve 2).
A comparison between the curve 1 and curve 2 (Fig. 1) shows that
the diffusion layer is a composite of 3-Ti, «” and o’ phases. Because
the dominant diffusion element in MosSi3 phase is Mo [25], Mo ele-
ment diffuses inwards into interface between the deposited layer
and substrate, leading to the phase transformation of § — o” — o/,
which occurs from outside to inside for the different Mo contents in
the diffusion layer [26]. Combining the XRD results and EDS anal-
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Fig. 1. XRD pattern of the sputter-deposited (MoxCr;_x)sSis3 films.
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Fig. 2. SEM cross-section image and element line scanning EDS analyses of the sputter-deposited (MoxCr;_)sSi3 films formed on Ti6Al4V alloy: (a and b) MosSis film; (c and

d) (Mog.75Cro.25)5Si3 film.

ysis, conclusions can be made that according to the different Mo
contents, Mo diffusion layer may be subdivided into 3 phase layer
with high Mo content (>10 wt.%) and " /o’ layer with low Mo con-
tent (<10 wt.%), as shown in Fig. 2. Beyond this, it is worthwhile to
note that the thickness of diffusion layer is affected by its Cr content
and the higher Cr content results in the thinner thickness of diffu-
sion layer, implying that Cr element restricts Mo element migrating
from the deposited layer to substrate. The gradient distribution of
alloying elements in the diffusion layer offers a smooth transition
of mechanical properties, which is suitable to improve the adhesion
strength of the films on the Ti6Al4V substrate and to relieve stress
concentration between the films and substrate when the films are
subjected to external stress.

Fig. 3 shows the typical HRTEM image and selected area
diffraction (SAED) patterns of MosSis film. It is clear that the
microstructure of MosSis film is characterized by ultrafine spher-
ical grains with random crystallographic orientations, and the
average grain size is about 8 nm according to a statistical grain size
distribution of a number of TEM images. The space of the lattice
fringes of nanocrystalline with the marks of A can be calculated as
0.211 nm, corresponding to the interspacing of the (411) planes
of D8;-structured MosSis. The first five diffraction rings of SAED
(inset in Fig. 3) represent (220),(310),(411),(431)and (521)
planes of D8, crystal structure MosSis, respectively.

3.2. Nanoindentation test

Fig. 4a shows the representative load-displacement (P-h)
curves of the five kinds of nanocrystalline (MoxCry_y)5Siz(x=1,

Fig. 3. HRTEM images and the corresponding SAED pattern of the nanocrystalline
MosSis film. Some of the nanocrystallites are circled for easier recognition. The space
of the lattice fringes of nanocrystalline marked A can be calculated as 0.211 nm,
which correspond to the interspacing of the (4 1 1) plane of D8;,-structured MosSis.



J. Xu et al. / Journal of Alloys and Compounds 509 (2011) 2450-2460 2453

a2 -
——Mo,Si,
(MOD 7scr0 22)58i3
),
18 )
),
Z 124
E
=
=3
=]
is|
6
04 T T T
0 50 100 150 200
Displacement into surface (nm)
b 345 23.0
330] & —e— clastic modulus [ 22°
| —e— hardness 220
3154 F21.5

1 L21.0
300 [ s =
I .-20.55
e \ .-20.0 E
] {\ 3 195 &
r =
270 '} -19.0 5
J \i F =
L18.5
255 I
] \ L 18.0
! L

240 L17.5

Elastic modulus (GPa)

" : " : "
0 13.57 15.48 23.88 26.23
The content of Cr in films (at.%)

Fig. 4. (a) Load-displacement curves of the nanocrystalline (MoyCry_x)sSis (x=1,
0.78,0.75, 0.61, 0.57) films and (b) hardness and elastic modulus of nanocrystalline
(MoyCry_x)sSis films.

0.78, 0.75, 0.64, 0.57) films under a maximum load of 20 mN. It
must be additionally ensured that the indentation depth is notably
lower than 10% of the films thickness in order that the contribu-
tion to mechanical properties from its substrate is negligible. In
Fig. 4b the variation of hardness and elastic modulus with the Cr
content in the films is plotted. The hardness and elastic modu-
lus of (MoxCrq_yx)sSiz(x=1, 0.78, 0.75, 0.64, 0.57) films decrease
with the increasing addition of Cr. It is worth mentioning here
that the nanocrystalline (MoyCrq_y)sSi3(x=1,0.78,0.75, 0.64,0.57)
films show higher values of hardness and elastic modulus than
coarse grain of MosSi3 reported in the literature (H=11.48 GPa,
E=260GPa) [27]. The similar findings were also observed in our
previous work [22].

3.3. Sliding friction and wear behaviours of nanocrystalline
(MoxCry_y)sSi3 film

Fig. 5 shows the variation in friction coefficient and specific wear
rate as function of normal load for Ti6Al4V alloy sliding against
ZrO, ceramic balls at 600°C. The mean values of friction coeffi-
cient are determined from the steady-state stage excluding initial
rising in the running period. With an increase in the applied nor-
mal load from 3.3 to 4.8 N, Ti6Al4V alloy exhibits an increasing
trend in the mean friction coefficient and specific wear rate. The
increase of the friction coefficient with the increase of the applied
normal load is probably due to the growth of actual contact area on
both the slide surfaces, the generation of the wear debris as well
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Fig. 5. The variation of friction coefficient and specific wear rate with the normal
load for Ti6AIl4V alloy under dry sliding conditions at 600 °C.

as surface softening arising from the friction thermal effect under
dry friction condition. The specific wear rate is in the order of 5
to7 x 10~* mm3/(N m) when the applied normal load is in the range
0f3.3-4.8 N. The mean friction coefficients of five kinds of nanocrys-
talline (MoxCrq_y)s5Si3 films are plotted as a function of Cr content in
the films and the applied normal load under wear test temperature
of 600 °C, as shown in Fig. 6. The mean friction coefficients increase
with increasing the applied load for all the as-deposited films and
decrease with increasing Cr content in the films at the same applied
load. In the investigated range of loads, the mean friction coeffi-
cients of the nanocrystalline (MoxCrq_yx)sSi3 films are reduced by
0.2-0.3 as compared to the uncoated substrate. Fig. 7 shows the
specific wear rates of the nanocrystalline (MoxCry_y)sSis3 films slid-
ing against ZrO, ceramic balls at different normal loads under dry
sliding conditions at 600°C. It can be seen that the specific wear
rates of nanocrystalline (MoyCry_y)5Si3 films are around or slightly
lower than 10~ mm3/(Nm) at different normal loads, which are
two orders of magnitude less than that of Ti6Al4V alloy. Moreover,
the specific wear rates decrease with increasing Cr content in the
films at the same applied load.
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Fig. 6. Variation of friction coefficient as function of Cr content in the films and the
applied normal load for nanocrystalline (MoxCry_)s5Si3 films sliding against ZrO,
ceramic balls at 600 °C.
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SEM micrographs of the worn surfaces of Ti6AI4V alloy at the
applied normal loads of 3.8 N and 4.8 N under test temperature of
600 °C, are shown in Fig. 8. Typically, the worn surfaces exhibit deep
grooves, delamination and severe plastic deformation. Results of
EDS analysis show that the wear tracks have higher oxygen content
than the surrounding unworn surfaces, suggesting that the oxide
layer is produced by the reaction of worn surfaces with the oxygen
at the contact surface. Sliding wear under dry sliding condition,
especially at elevated temperature, large amount of frictional heat
produced together with the environment temperature would not
only cause thermal softening of Ti6Al4V alloy but also accelerate the
formation of oxide scale on its surface. Owing to a high temperature
at the contact surface, the hardness of Ti6Al4V alloy decreases sig-
nificantly and is too low to support the relatively hard oxide layer,
making the oxide scale flaked off easily [28]. Subsequently, the
detached hard oxides entrapped between the contra-wear surfaces
accelerate the damage of worn surface, leading to the wear mecha-
nism transformation from two-body to three-body abrasive wear.
Besides, the higher normal load results in friction contact tempera-
ture, the degradation is even worse, characterized by a wider wear
track and deeper plowing grooves. Chemical composition analysis
and morphological observation of wear debris give further insight
into wear mechanism involved. The wear debris consists of irreg-
ular large flakes and a little fine powder (see Fig. 9a), and is highly
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Fig. 9. Wear debris from Ti6Al4V/ZrO, ball sliding pairs: (a) wear debris morphology and (b) EDS analysis.
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at 600°C.

enriched in Ti and O by EDS analysis, confirming that it is probably
titanium oxide detached from the worn surface of Ti6AI4V alloy, as
shown in Fig. 9b. In addition, some traces of surface plastic defor-
mation are also apparent on the wear debris, which is generated by
brittle detachment of large particles from the surface and the sub-
sequently squeezed between the friction pair. Thus, the surface of
Ti6Al4V alloy suffers severe oxidative and abrasive wear at elevated
temperature.

Fig. 10 shows the worn surface morphologies and cross-
sectional profiles of the nanocrystalline MosSis films at the applied
normal loads of 4.8 N under test temperature of 600°C. As can
be seen from Fig. 10a and higher magnificated area of Fig. 10a
(Fig. 10b), the worn surface of nanocrystalline MosSis3 films has a
rough morphology with evidence of severe delamination, plowing
grooves that are located parallel to the sliding direction and some
plastically deformed plateaus. As shown in Fig. 10(c), the maxi-
mum width and depth of wear scar are about 0.7 mm and 9 pm,
respectively, and in some place depth of wear scar even reaches
diffusion layer. Fig. 11 shows results of EDS analysis from out-
side wear scar and inside wear scar for the nanocrystalline MosSis
films. EDS analysis of wear scar (see Fig. 11a) indicates the domi-
nance of Ti (37.71 at.%), 0 (45.14 at.%), and a few of Zr (5.03 at.%), Mo
(3.04at.%), Al (5.33 at.%), Si (1.51 at.%) and V (2.25 at.%). In contrast,

the unworn surface are highly enriched in O, Mo and Si elements
with negligible amount of Ti, Al and V, as indicated in Fig. 11b. The
XRD pattern of the worn surface of nanocrystalline MosSiz film
(see Fig. 12) shows the peaks of TiO, and MoO3 along with the
transferred counterpart ZrO,, and no diffraction peaks due to crys-
talline SiO, could be observed, confirming its amorphous character.
It is noteworthy that the high intensity of MoOs diffraction peaks
mainly stems from the unworn surface rather than the worn sur-
face, as a result of fairly less content of Mo inside the wear scar.
Additionally, the presence of ZrO, on the worn surface suggests
that the transfer from ZrO, ceramic ball to the counter surface
occurs at contact areas during the high-temperature wear pro-
cess. Such phenomenon correlates well with analysis results of
wear debris. The wear debris consists of different size flake-like
aggregates, and is enriched in O, Zr and Mo with minor amount
Si, as indicated in Fig. 13. The result is a strong indication that
Zr0, ball counterpart suffers likewise severe wear damage. How-
ever, in the case of the nanocrystalline Cr-alloyed MosSis films,
SEM examinations reveal that the surface morphologies of the
wear scars vary significantly with Cr content in the films, as evi-
denced by the fact that Cr content in the films should be a very
important factor determining wear process (see Fig. 14). SEM mor-
phology of worn surface for the nanocrystalline (Mog 78Crg 22 )5Si3
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Fig. 12. The XRD pattern of the worn surfaces on the nanocrystalline MosSis film.

film shows some shallow craters of adhesive detachment with
the surrounding fine wear debris, and is free from any scratches
and plowing grooves characteristics, as shown in Fig. 14a. With
further increasing the amount of Cr content, the wear tracks grad-

Intensity (a.u.)
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ually become smoother, and are free of ploughing or delamination
marks. Further, a pileup region, which is originated from com-
pacting wear debris adhered to track surface, are visible at the
boundary between the worn area and the unworn area, as indi-
cated by white arrows in Fig. 14. An EDS analysis of the worn
surface of nanocrystalline (Mog 57Crg43)5Si3 films has indicated
the presence O, Mo, Cr, Si and Zr peaks in the EDS spectra, as
shown in Fig. 15. It is important to note that the content of Zr
is remarkably reduced, and similar finding is also confirmed by
EDS analysis of wear debris (Fig. 16b). The size of wear debris
from nanocrystalline (Mog 57Crg.43)5Si3 film/ZrO; ball sliding pairs
(Fig. 16a) at the applied normal loads of 4.8 N is much smaller than
that obtained from nanocrystalline MosSis films/ZrO, ball sliding
pairs under same test conditions, suggesting that couterpart ZrO,
ceramic ball only undergoes mild wear. The cross-section profiles
of the wear track (see Fig. 17) change significantly with increas-
ing the amount of Cr content and wear depths of nanocrystalline
Cr-alloyed MosSis films are dramatically decreased as compared to
that of nanocrystalline MosSis films. Especially for nanocrystalline
(Mog.57Crg.43)5Si3 films, wear scar becomes extremely shallow and
its depth is an order of magnitude smaller than that of nanocrys-
talline MsSis films. The XRD pattern obtained from the worn surface
on the nanocrystalline (Mog 57Crg 43)5Si3 films indicates (Fig. 18)
that predominated oxides formed on the worn surface are MoOs,
Cry(MoQg)3 and ZrO,.
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Wear debris from nanocrystalline MosSis film/ZrO, ball sliding pairs: (a) wear debris morphology and (b) EDS analysis.
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Fig. 14. The worn surface morphologies of the nanocrystalline Cr-alloyed MosSi; films at normal loads of 4.8 N under dry sliding conditions at 600 °C. (a) (Mo 75Cro22 )5Sis3
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Fig. 15. EDS result of worn zone for the nanocrystalline (Mog 57Crg 43 )5Si3 film films
at normal loads of 4.8 N under dry sliding conditions at 600 °C.

4. Discussion

As described above, it is reasonable to conclude that there is a
close relationship between the content of Cr in the films and high
temperature friction and wear properties of (MoxCrq_y)s5Si3 films.
Because of the high flash temperature induced by friction heat

together with the elevated ambient temperature, the nanocrys-
talline (MoxCrq_y)s5Si3 films are inevitably oxidized by a reaction
between the films surface and the oxygen in air during high tem-
perature wear process. Therefore, the surface oxidation products
induced by tribochemical reaction are responsible for the notice-
able difference in tribological properties of the nanocrystalline
(MoxCry_x)5Si3 films. In order to explore further the wear resis-
tance provided by Cr alloying, the oxidation products and surface
morphologies of the oxide scale formed on the nanocrystalline
(MoxCry_x)s5Si3 films have been observed after isothermal oxida-
tion experiments. Figs. 19 and 20 show macro-photograph and SEM
micrographs of oxide scale formed on the five kinds of nanocrys-
talline (MoxCry_y)5Si3 films specimen after isothermal oxidation
in ambient air at 800°C for different times, respectively. After
isothermal oxidation at 800 °C for 2 min, plenty of white powder is
widely distributed over the surface of nanocrystalline MosSis film,
indicating that serious pest oxidation occurs (Fig. 19a). The oxi-
dized surface is covered with white island-like clusters with loose
and porous structure. By high magnification micrographs (inset in
Fig. 20a), it reveals that those clusters consist of equiaxed crys-
tal with Mo/O atomic ratio approaching 3, confirming that those
clusters are MoOs (Fig. 20a). This is also identified by XRD analy-
ses. The porous character of oxide scale appears on the surface of
nanocrystalline MosSis film due to the volatilization of MoOs3 that
has a sublimation temperature at 500 °C and above [29]. Thus the
dominant oxidation reaction contributing to the formation of the
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Fig. 17. The cross-sectional profiles of the nanocrystalline Cr-alloyed MosSis films
at normal loads of 4.8 N under dry sliding conditions at 600°C.

oxide scale constituents at 800 °C are:

2MosSi3 +210,— 10Mo0O3 (volatile) + 6SiO; (1)

No pesting oxidation phenomenon is observed for the nanocrys-
talline Cr-alloyed MosSis films, as compared to the nanocrystalline
MosSis film. In the case of nanocrystalline (Mog 78Crg 22 )5Sis film,
large area spalling of oxide scale has taken place after isothermal
oxidation at 800 °C for 20 h (Figs. 19b and 20b). As a further increase
in the amount of Cr content, the colour of the nanocrystalline
(MoxCry_x)5Si3(x=0.75, 0.64, 0.57) films has been shifted from yel-
low to dark gray and then to silver gray, while simultaneously the
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Fig. 18. The XRD pattern of the worn surfaces on the nanocrystalline
(Moo 57Cro.43)5Si3 film.

surface of oxide scale becomes more dense and compact, as shown
in Figs. 19c—e and 20c-e. This is indicative of the formation of a
more protective oxide scale on the nanocrystalline (MoxCrq_x)s5Si3
with higher Cr content. XRD results reveal that the oxide scales
formed on nanocrystalline Cr-alloyed MosSis films consist of Cr, O3,
Cry(MoOg)3; and amorphous SiO,. This result is in agreement with
that reported by StrOm et al., who found that the oxide products
formed on Cr-alloyed MoSi, after exposure at 450 °C in ambient air
for 456 h are Cr,(Mo004)3, MoOs, and SiO, [30].

Fig. 19. Macro-photograph of the nanocrystalline (Mo,Cr;_)5Si3 films specimen after isothermal oxidation in ambient air at 800 °C for different times: (a) MosSis film after
oxidation of 2 min; (b) (Mog78Cro22)5Si3 film; (c) (M0g.75Cro25)s5Si3 film; (d) (M0og4Cro.36)5Si3 film and (e) (Mog.57Cro.43 )5Sis film after oxidation of 20 h.
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Fig. 20. SEM micrographs of oxide scale formed on the nanocrystalline (MoxCry_y)5Sis films specimen after static thermal oxidation in ambient air at 800 °C for different
times: (a) MosSis film after oxidation of 2 min; (b) (Mog.78Cro.22)sSis film; (c) (Mog.75Cro.25)5Sis film; (d) (Moge4Cro36)sSis film and (e) (Mogs7Cro 43 )5Si3 film after oxidation

of 20 h.

Thus, the nanocrystalline Cr-alloyed MosSis films are expected
to oxidize through the reaction:

12(MoxCry_x)sSiz(x= 0.78, 0.75, 0.64, 0.57)
+(45x +81)05 — 20xCry(M00y4)3 + 365105 + 10(3-5x)Cr;03
(2)

On the basis of isothermal oxidation experiments, it can
be concluded that oxidation resistance of the nanocrystalline
(MoxCry_x)5Si3 shows an increase with Cr additions, and the oxide
scale on its surface can play a role of barrier between the films and
ambient air by suppression the diffusion of oxygen.

Owing to its very fine size and high surface area, the nanocrys-
talline MosSis film is liable to react with the oxygen at the
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contact surface when sliding against ZrO, balls. As a result,
the performances of an oxide film formed by tribo-oxidation,
including mechanical properties of the oxide film and bond
strength between the oxide film and the underlying nanocrystalline
MosSis film, determine the wear resistance of the nanocrystalline
(MoxCry_x)5Sis film. According to the XRD diffraction patterns cor-
responding to worn surface, surface of the nanocrystalline MosSis
film has been oxidized to form the MoOs3 crystal and amorphous
Si0,. Mo0O3 with an orthorhombic structure is known as a solid
lubricant, and has a lower friction coefficient at elevated temper-
ature, due to the fact that it possesses a homologous series with
planar faults in the crystal structure, leading to a low shear strength
along (010) planes [31,17,32]. However, MoOs, as a volatile oxide,
prone to evaporate from the worn surface, leaving behind a porous
tribo-oxidation film surface, where accelerates oxidation by facili-
tating the fast oxygen transport to the oxide/Mo silicide interface.
Simultaneously, the effect of tribo-oxidation produces high inter-
nal stresses within oxide film, stemming from remarkable volume
expansion as a consequence of different densities of the oxi-
dation product and MosSis film. A loose and poorly protective
tribo-oxidation film is easily removed by spalling or plowing of
hard asperities on the ZrO, ball, and thereafter reoxidation of the
exposed interior MosSi3 film occurs. Hence, the nanocrystalline
MosSis film is susceptible to oxidative wear caused by repetitive
disruption of oxide films. Besides, owing to the volatilization of
MoOs3, the amount of residual self-lubricating MoO3 on the wear
track surface is constantly reduced, resulting in the relatively high
friction coefficient.

As referred to above, oxidation behaviour of the nanocrystalline
Cr-alloyed MosSis films is significantly improved compared with
the nanocrystalline MosSiz film, and the oxidation resistance of
the nanocrystalline Cr-alloyed MosSiz films is directly propor-
tional to the amount of Cr addition by morphologies observation
of oxide scale. This comes from the fact that the additions of Cr
to MosSis film play an important role in obstructing or trapping
the evaporation of MoOj3 by the formation of protective composite
oxide scales. A denser tribo-oxidation oxide film has more excel-
lent mechanical properties, and can provide better protection the
surface against combine attack by mechanical wear action and oxi-
dation. During wear process, the underlying the nanocrystalline
Cr-alloyed MosSis3 films acts as a reservoir to continuously sup-
ply Mo to form the lubricious MoOs. Therefore, with increasing Cr
content in (MoxCry_x)sSi3 films, the changing trend of oxidation
resistance is in harmony with that of wear resistance. As the wear
process continued, the oxide film developed on the surfaces may
be partially removed by the action of the counterpart, accompany-
ing by the formation of oxide wear debris. As shown in Fig. 16a,
the size of the delaminated wear debris from Cr-alloyed MosSis
films/ZrO, ball sliding pairs is much smaller than that obtained
from MosSis film/ZrO, ball sliding pairs. One difference from the
large wear debris particles is that smaller wear debris is apt to be
entrapped in the contact interface of frictional pairs. In the early
stage of high-temperature sliding wear, a small amount of fine
wear debris is predominantly embedded in grooves of worn sur-
face or act as a lubricious medium. As wear time increases, the
amount of wear debris is gradually increased. A fraction of wear
debris is driven away from the contact surface, which products the
pileup region formed the outside of the wear track, while others is
retained between the contacting surfaces [33,34]. Those adhered
wear debris may be agglomerated and compacted, followed by
plastic smearing to produce a continuous, smooth and protective
surface layer, thus mitigating friction and wear. In addition, high
hardness of the nanocrystalline Cr-alloyed MosSis films provides
enough supporting for the soft tribo-oxidation surface layer, and

this negative hardness-gradient is a desirable surface characteristic
to achieve a low wear rate [31].

5. Conclusions

In summary, in order to improve tribological properties of
titanium alloys, five kinds of sputter-deposited nanocrystalline
(MoxCry_x)sSiz(x=1, 0.78, 0.75, 0.64, 0.57) films with the aver-
age grain size of 8 nm have been successfully prepared on Ti6Al4V
alloy substrates by double cathode glow discharge. Compared with
the Ti6Al4V alloy, at the same applied normal load, the coefficient
of friction values of the nanocrystalline (MoxCry_x)sSis films are
reduced by 0.2-0.3, and specific wear rates decrease by two orders
of magnitude and are around or lower than 106 mm?3/(N m). For
the nanocrystalline (MoxCry_x)5Si3 films, the specific wear rate
decreases with increasing Cr content in the films at the same
applied load. Results show that there is a close relationship between
oxidation behaviour and wear resistance of the nanocrystalline
(MoxCry_yx)sSis films. With increasing Cr content in (MoxCry_y)s5Sis
films, the changing trend of oxidation resistance is in harmony with
that of wear resistance.
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