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Abstract

WSe coatings were obtained by pulsed laser deposition(PLD) and ion-assisted PLD. The films were studied by means of X-x

ray diffraction, scanning and transmission electron microscopy, Auger electron spectroscopy and energy-dispersive X-ray
spectroscopy. The WSe films were also characterized in terms of their hardness, elastic modulus, surface topography and wearx

performance. The structure of WSe films was shown to consist of various nanocrystalline mixtures of WSe and W O phases inx 2 3

an amorphous WSe matrix. Depending on deposition conditions, the WSe crystallites were oriented with their basal planesx 2

either parallel or perpendicular to the substrate surface. A correlation between an amount of W O phase andc-axis-oriented3

WSe phase was outlined. The incorporation of oxygen atoms between the basal planes was shown to cause lattice distortion and2

resulted in anisotropy of the lattice parameter. Improved endurance of WSe coatings was due to their composite structure. Thex

presence of hard underlayer, such as TiC, TiCN or TiSiN, was shown to be essential for extremely low friction coefficients down
to 0.015–0.03. The WSeyTiC films showed low friction from the very start of the tests without initial maximum. The superiorx

performance of WSeyTiSiN coatings both in air and under water suggests that the double-layer coatings are suitable for use inx

terrestrial tribological applications.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hard coatings based on carbides, nitrides and borides
of transition metals provide superior mechanical and
tribological properties. However, these coatings show a
high coefficient of friction(0.85 TiB w1x, 0.8–0.9 TiC2

w2x, 0.7–0.9 TiSiNw3x) and require lubricant to reduce
friction. The friction of hard coatings can be improved
by the deposition of a thin MoS layer on top of the2

coatingsw4x. Lubrication layer on the top of TiN reduces
the friction, results in a low shear stress and leads to
high bearing capacityw5x. The WS and MoS coatingsx x

are most widely studied. The pure metal dichalcogenide
coatings have been reported to show friction coefficient
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down to 0.02 in vacuumw6x. Most sputter-deposited
MoS films are substoichiometric(1.1-x-2.0) w7x andx

demonstrate low stability of friction coefficientw8x.
Despite superior lubrication properties, WS and MoSx x

coatings have limited application because of poor adhe-
sion, limited performance in humid atmosphere, unstable
friction coefficient, insufficient lifetime, porous colum-
nar structure or wrong orientation for lubrication. In an
attempt to improve their tribological performance, vari-
ous approaches have been proposed focusing on densi-
fication of film structure to avoid the formation of
voided, columnar structure; doping of metals which
chemically bond with oxygen during the wear process;
deposition of coatings with preferential orientation.

Oxygen contamination of MoS and WS affects theirx x

wear behavior. The tribological properties of metal
dichalcogenides were reported to degrade in humid air;



329D.V. Shtansky et al. / Surface and Coatings Technology 183 (2004) 328–336

Table 1
Basic PLD parameters and structure of the WSe filmsx

No. SHS target Deposition temperature Power density W ion energyq Phase composition
(8C) (Jycm )2 (keV)

1 WSe2 20 1.9 – a-WSe , W O,HWSe ,≤WSe (traces)ax 3 2 2

2 20 100 – a-WSe , W Ox 3

3 250 1.9 – HWSe ,≤WSe , W O2 2 3

4 250 100 – a-WSe ,HWSe ,≤WSe , W O(traces)x 2 2 3

5 20 1.9 30 ≤WSeqW O2 3

6 20 100 10 ≤WSeqW O2 3

7 20 100 30 a-WSeqW O (traces)x 3

a-WSe denotes amorphous phase;HWSe and≤WSe denote in-plane and out-of-planec-axis-oriented to the substrate surface WSe crys-a
x 2 2 2

tallites, respectively.

therefore, pure MoS and WS are not suitable for use2 2

in terrestrial atmosphere. An interesting approach to
improve the properties of coatings is to make a two-
phase mixture of metal dichalcogenide with metal oxide
that is believed to improve the lubrication and endurance
of coatings.

Pulsed laser deposition(PLD) method has been suc-
cessfully applied for the deposition of MoS and WS2 2

coatingsw9–16x. The structure and chemical composi-
tion of coatings were shown to be very sensitive to the
various process characteristics, such as ion energy, laser
fluence, type of a buffer gas, etc. The bombardment of
transition metal dichalcogenide films with high energy
ions increases the density of coatings and improves their
adhesion strength to substratew17–19x.

While the WS and MoS coatings have been studiedx x

quite intensively, a rather small amount of attention has
been paid so far to the WSe coatings. Two compounds,x

WSe and WSe , have been found in the W–Se system2 3

w20,21x. The stoichiometric range of WSe phase has2

been shown to be very narrow, being of composition
WSe , 1.97-x-2 w22x. Recently, it has been reportedx

that the addition of WSe into MoS coating improves2 x

the endurance of self-lubricating coatingsw23x.
In the present study, WSe coatings were fabricatedx

by PLD and ion-assisted PLD(IAPLD). The coatings
were characterized in terms of their structure, chemical
composition, crystallography and surface topography.
The tribological behavior of IAPLD WSe coatings asx

well as double-layer WSeyTiC, WSeyTiCN andx x

WSe yTiSiN coatings in pin-on-disk tests in variousx

environments was studied.

2. Experimental

The WSe target for PLD was manufactured by means2

of cold compacting technology under pressure of 600
MPa using WSe powder obtained by self-propagating2

high-temperature synthesis(SHS). The WSe powder2

was synthesized from W powder, 99.93% purity and
particle size of 1–4mm, and Se powder, 99.997%
purity.

The tungsten diselenide films were deposited on
various substrates by PLD technique described else-
where w24x using WSe target. Substrate materials2

included single crystal silicon(1 0 0), stainless steel
(SS), high-speed steel(HSS) and hard alloy(HA). The
diameter of the target was 20 mm and the thickness was
4 mm. The PLD system consisted of a 30-cm-diameter
SS chamber with a target and a substrate holder, an
electro-optically Q-switched Nd:yttrium–aluminum–
garnet laser(wavelength 1.06mm, laser pulse duration
10 ns) and a beam scanning and focusing system. The
deposition experiments were fulfilled at energy density
of 1.9 and 100 Jycm and the substrate temperature was2

kept at 20 or 2508C. The distance from the target to
the substrate was 5 cm and the chamber was evacuated
to obtain a pressure below 2.6=10 Pa. In order toy4

improve adhesion between film and substrate in tribo-
logical tests the WSe films were also deposited by ion-x

assisted technique, wherein ions of the laser plume are
accelerated to sufficiently high energy by a high-inten-
sity, uniform electrostatic fieldw24x. High-energy ion
bombardment was operating only at the initial stage of
deposition. The ion energy was varied from 10 to 30
keV (Table 1) and the flux of ions was kept constant at
1.66=10 ionsy(cm s).12 2

For tribological tests, IAPLD WSe films were depos-x

ited over TiC, TiCN and TiSiN films on HA(TT8K6-
type) substrate. The hard TiC, TiCN and TiSiN coatings
were fabricated by DC magnetron sputtering(MS) of
composite targets TiC , Ti SiqTi and Ti Si qTiN,0.5 5 3 5 3

respectively, in an atmosphere of argon or reactively
(RMS), in a gaseous mixture of argon and nitrogen
w25x. During deposition, the applied bias(U ) wasbias

controlled aty250 V and the substrate temperature was
kept constant at 2508C. The adhesion between hard
film and substrate was improved by low energy ion
bombardment of substrate at the initial stage of deposi-
tion using an additional Ar ion source operated at a
fixed energy of 1.5 keV.

The microstructure and chemical composition of films
were investigated by means of X-ray diffraction(XRD),
Auger electron spectroscopy(AES), energy-dispersive
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Fig. 1.(a) SEM micrograph of WSe powder and(b) dark-field TEM2

micrograph of WSe target showing a WSe particle.(c) Selected area2 2

electron diffraction pattern from(b).

X-ray spectroscopy(EDS) and scanning and transmis-
sion electron microscopy(SEM and TEM). Thin foils
for plain-view and cross-sectional TEM studies were
prepared by conventional methods, which are described
elsewherew26x. The structure of the films was examined
in a JEM-200CX(JEOL, Japan) TEM operating at 200
kV. The XRD spectra of films were obtained by a
‘Geigerflex’ X-ray diffractometer. The morphology and
the thickness of the deposited films were determined in
a JEOL field emission SEM(JSM-6700F, Japan). The
surface topography and the root-mean-square roughness
(R ) of as-deposited thin films were examined byrms

scanning force microscopy(SFM, NanoScan, Russia
w27x). The Auger analysis was performed in an LHS-10
SAM spectrometer.

The films were characterized in terms of their hard-
ness(H), elastic modulus(E) and elastic recovery(W ).e

The indentation hardness of the films was determined
using a Nano Hardness Tester(CSM Instruments, Swit-
zerland) equipped with a Berkovich diamond indentor
tip, calibrated against fused silica. The hardness and
Young’s modulus were calculated using the Pharr and
Oliver methodw28x. The tribological properties of the
coatings were evaluated using a conventional ball-on-
disc tribometer(CSM Instruments, Switzerland) under
a normal load of 5 N with a 3-mm diameter WCq
6%Co ball as a counterpart material. Three tests were
performed on each sample with wear track diameter
varied within the range of 0.8–1.2 cm. Sliding speed
was 10 cmys.

3. Results and discussion

3.1. Target characterization

The SHS WSe powder contained 54.0% W, 45.8%2

Se, 0.12% Fe, 0.01% Ni, 0.03% Cr, 0.015% Si and
0.036% Al. The size of the powder was 5–20mm (Fig.
1a) and did not change during compacting process. The
target was characterized by the presence of(0 0 0 1)
preferential orientation. Fig. 1b shows the structure of
WSe grain in the target manufactured using SHS2

powder compacting process. The grains are defect-free
and range from 3 to 20mm.

3.2. Chemical composition

Rutherford backscattering spectroscopy was used to
assess target composition. The SeyW ratio was of
approximately 2 within the accuracy of 10%. Oxygen
was also detected in an amount of 5–7 at.% by AES.
The chemical composition of WSe films, as determinedx

by EDS, however, was different from that of the target.
The SeyW ratio in the films was shown to amount to
1:1; therefore, the films were enriched with W. The
value of SeyW ratio in the films decreased further down

to 0.8 as the energy density was raised from 1.9 to 100
Jycm . This loss of Se can be explained by the scattering2

of light Se atoms through larger angles in comparison
with heavier W atoms and re-evaporation of Se from
the film surface. The presence of oxygen in the films
was also confirmed and can be associated with oxygen
atoms introduced either by the residual gas within the
chamber oryand by being sputtered from the target.

3.3. Texture and lattice parameter

The results obtained show that most of WSe crystal-2

lites were oriented with theirc-axis either perpendicular
or parallel to the substrate surface. Figs. 2 and 3 show
the XRD spectra of WSe films deposited at 20 and 250x

8C, respectively. For the film 1, two very broad reflec-
tions can be seen in the 68–198 and 308–508 2u ranges.
The first broad reflection peaked at approximately 10.58,
as can be seen in the grazing incidence XRD(GIXRD)
pattern at an incidence angle of 58 (Fig. 4). The
scattering angle is much smaller than the position of
(0 0 0 2) line for the stoichiometric WSe phase2

(;15.98). The shape and width of the reflections sug-
gest that their origin is due to the presence of WSex

phase in a poorly crystalline, quasi-amorphous state.
Similar general features of the XRD patterns have also
been interpreted by other groups as disorder effects
induced by randomly stacked basal planes with fluctu-
ation of the distance between themw29,30x. The XRD
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Fig. 2. XRD spectra of WSe films deposited atTs20 8C. W Ox 3

reflections(h).

Fig. 4. GIXRD patterns at an incidence angle of 58 showing the first
broad reflection in the range of 6–198 2u.

Fig. 3. XRD spectra of WSe films deposited atTs250 8C. W Ox 3

reflections(h); WSe reflections(S).2

spectrum of the film 1 did not reveal(0 0 0 2) reflection
of WSe phase, whereas several reflections from the2

(0 0 0 2), (0 0 0 4) and planes of WSe phase(1 0 1 0) 2

were visible on the selected-area electron diffraction
(SAED) pattern(Fig. 5a). This indicates the presence
of a strong texture, the WSe(0 0 0 1) basal planes2

being perpendicular to the substrate surface(hereafter,
referred asHWSe phase). Three peaks from the2

(0 0 2), (0 1 2) and(1 1 2) lattice planes of W O phase3

can be distinguished upon the background of the second
broad peak suggesting the co-existence of crystalline
W O and amorphous WSe(a-WSe) phases. This anal-3 x x

ysis shows that the structure of the film 1 consists of a
mixture of WSe phase with an edge-plane preferred2

orientation, randomly redistributed W O phase and qua-3

si-amorphous WSe phase(Figs. 2 and 5). The resultsx

presented here are the first experimental observation
showing that WSe films are multicomponent and con-x

sist of a mixture of three phases.
The XRD patterns of the films 1(Fig. 2) and 2(not

shown) were similar. In contrast, an analysis of the film
2 by SAED did not reveal any noticeable reflections
belonging to crystalline WSe phase except(0 0 0 2)2
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Fig. 5. Dark-field TEM micrographs(plain-view) of WSe films formed from parts of the(a), (c) (0 0 0 2) and(b), (d) (0 1 2) diffractionx WSe W O2 3

rings. (a), (b) film 1; (c), (d) film 2.

line which is weak and diffuse. This result implies that
the basal planes in the film 2 are roughly parallel to
each other but randomly rotating about the layer normal,
similar to the turbostratic BNw31x. The WSe phase has2

short-range order limited to the small particles(Fig. 5c)
consisting of stacking faults parallel to the basal planes.
The particle orientation is not random, but such that the
basal planes are mostly perpendicular to the substrate
surface. Therefore,HWSe phase in the film 2 presents2

an intermediate case between a purely random network
and crystalline WSe phase. Thus, when laser fluence2

was increased to 100 Jycm , the amount of crystalline2

HWSe phase decreased drastically, while the volume2

fraction of quasi-amorphous phase WSe increased2

(Table 1).
The film 3, deposited at higher temperatureTs250

8C andPs1.9 Jycm , was characterized by the presence2

of a strong(0 0 0 2) peak from the WSe phase(referred2

as ≤WSe phase) indicating that the film was highly2

textured with w0 0 0 1x axis normal to the Si substrate
(Fig. 3). The peak position corresponds to a spacing of

approximately 0.66 nm, which is consistent with powder
spectrum of WSe phase(card No. 38-1388, JCPDS).2

The SAED pattern revealed diffraction lines(0 0 0 2),
(0 0 0 4), and (0 0 0 8)¯ ¯ ¯(1 0 1 0), (1 0 1 3), (1 1 2 0)
from WSe phase. The(0 0 0 2) peak in the SAED2

pattern is the strongest one compared with the other
peaks that are weak and diffuse. Thus, the combination
of XRD and SAED results suggests that nearly all
crystallites are oriented by such a way that their basal
planes are either parallel or perpendicular to the substrate
surface(Table 1). This is in agreement with the exper-
imental data by Pouzet et al.w32x, who reported on the
mixed orientation due to competitive growth of WSe2

crystallites(0 0 0 1)≤(1 0 0)Si and(0 0 0 1)H(1 0 0)Si.
With increasing power density up to 100 Jycm , the2

intensity of (0 0 0 2) peak decreased and its position
shifted to lower diffraction angles(Fig. 3, film 4). This
might be attributed to extension of the structure in the
c-direction due to disorder effects, similar to the previous
resultsw33x. Note that the low 2u XRD peak from some
dichalcogenide films grown by ion-beam-assisted depo-
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Fig. 6. SEM micrograph of WSe film 1. Cross-sectional specimenx

was sputter-coated with 2-nm-thick Au prior to analysis.

sition, similar to that observed in Fig. 4, has been
reported by Seitzman et al.w34x and ascribed to a local
interplanar expansion of the crystal structure normal to
basal planesw33x.

IAPLD films 5 and 6 also exhibit the pronounced
(0 0 0 2) peak of WSe phase indicating strong planar2

(0 0 0 1) preferential orientation(Fig. 2). In these par-
ticular cases an amount of WSe phase with edge-plane2

texture and amorphous phase was quite small. Therefore,
the structure of films 5 and 6 may be interpreted as a
mixture of (0 0 0 1)-oriented WSe and W O phases.2 3

A strong correlation between an amount of W O and3

(0 0 0 1)≤(1 0 0) -oriented WSe phases was found. TheSi 2

growth of ≤WSe phase is accompanied by increase of2

volume fraction of W O phase. This phenomenon can3

be understood by comparison of the lattice parameters
of the ≤WSe andHWSe phases. The value of lattice2 2

parameter ofHWSe phase calculated on the basis of2

the planes(0 0 0 2), (0 0 0 4) and (0 0 0 8) in SAED
pattern was correspondingly higher than that from the

and lines. This is a clear indication¯ ¯(1 0 1 0) (1 0 1 3)
of an anisotropy of the lattice parameter in
(0 0 0 1)H(1 0 0) -oriented WSe phase. The latticeSi 2

parameter of≤WSe phase derived from the(0 0 0 2)2

XRD reflection was, however, close to that of the bulk
WSe specimen. We believe that the distortion was2

probably caused by the incorporation of oxygen atoms
between the basal planes that grew normal to the
substrate surface. The penetration of light atoms(oxy-
gen, alkali metals) between the basal planes of layered
metal dichalcogenides has previously been reported
w35,36x. In the case of WSe crystallites growing by2

such a way that(0 0 0 1)≤(1 0 0) , a phase separationSi

WSeqW O occurs and an amount of amorphous phase2 3

decreases. Therefore, one can expect that phase separa-
tion could correlate with the disordered state.

3.4. Structure and phase composition

A combination of XRD and TEM techniques has
enabled the identification of the phase composition of
WSe films. The typical plain-view dark-field TEMx

micrographs and corresponding SAED patterns of as-
deposited WSe films are shown in Fig. 5. All filmsx

consisted of WSe crystallites, 2–30 nm in size, withx

different preferred orientations depending on deposition
conditions, randomly oriented W O crystallites, 15–1003

nm in size, and a-WSe phase. When irradiation densityx

was increased, the WSe grain size slightly decreased2

from 5–30 to 2–20 nm(Fig. 5a and c), whereas the
average crystallite size of W O phase did not change.3

All the diffraction lines in the SAED patterns were
identified as belonging to either hexagonal WSe phase2

or cubic phase A15 type based on W O(card No. 41-3

1230, JCPDS) and no additional lines were observed.

In the present study, the qualitative element analysis
of the W O crystallites and the surrounding matrix in3

thin foils was carried out in the TEM mode. The results
of the EDS analysis showed that Se content in the W O3

particles is negligible in comparison with that in the
matrix confirming formation of tungsten oxide, which
is in agreement with the XRD.

3.5. Film morphology and surface topography

The SEM cross-section fracture of the WSe film 1,x

0.75mm thick, revealed a columnless morphology(Fig.
6). The film is dense but has large spherical inclusions,
0.2–0.3 mm in size. The accumulation of spherical
particles into the growing MoS films deposited at highx

energy density was also reported previouslyw11x.
Data from EDS(Fig. 7) and TEM analyses showed

that the structure and chemical composition within the
large spherical particles in the film is identical to that
within the surrounding matrix. Therefore, it is proposed
that these spherical particles crystallized from melt. The
SFM image in Fig. 8 shows that the surface of the film
is covered with fully developed 3D islands with the size
varying within the range of 70–250 nm(R s20 nmrms

for a 5=5 mm scan area). The size of 3D hills on the2

film surface is larger than the crystallite size; therefore,
one dome-like hillock on the film surface consists of
several grains.

3.6. Mechanical and tribological properties

The hardness of WSe films was of approximatelyx

5.2"0.8 GPa, that is, higher than the 2–3 GPa hardness
of typical solid lubricantsw37x. The hardness value is,
however, close to that of 4.7 GPa for MoS coating2

w38x. The increase in hardness is believed to be due to
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Fig. 7. EDS spectra of WSe film 1 taken from(a) the large sphericalx

particle in the film, 0.3mm in size, and(b) the surrounding matrix.
The film was deposited on SS substrate.

Fig. 8. SFM surface image of WSe film 1.x

Fig. 9. Friction coefficient of WSe films deposited by IAPLD on HSS substrate against 3-mm WCq6%Co ball at a load of 1–5 and 2–1 N.x

(a) Film 6; (b) film 5.

the presence of metal oxide particles. The Young’s
modulus changed within the range of 90–110 GPa.

The friction coefficient of IAPLD WSe films depos-x

ited on HSS substrate vs. hard alloy was found to be
very low and changed within the range of 0.04–0.12
depending on the deposition conditions(Fig. 9). The
difference in friction can be attributed to the higher
volume fraction ofc-axis-oriented WSe phase in the2

film 6 in comparison with the film 5. Films tested at a
low load of 1 N showed longer lifetime than those
tested at 5 N.

For friction tests, thin WSe films were also depositedx

on the top of the hard coatings, such as TiC, TiCN or
TiSiN. The values of hardness, Young’s modulus, fric-
tion coefficient and wear rate of the hard films are
presented in Table 2. The IAPLD WSeyhard coatingsx

were tested for wear resistance at a normal load of 5 N
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Table 2
Hardness, Young’s modulus, friction coefficient and wear rate of the
TiC, TiCN and TiSiN films

TiC TiCN TiSiN

Hardness,H (GPa) 30"3 21"3 28"2
Young’s modulus,E (GPa) 445"60 234"20 320"20
Friction coefficient,m 0.21 0.17 0.5–0.6
Wear rate,V (10 mm N m )y7 3 y1 y1

w 9.6 9.8 12–14

Fig. 10. Friction coefficients of the double-layer coatings against 3-
mm WCq6%Co ball.

Fig. 11. Friction coefficient of the WSeyTiSiN coating against 3-mmx

WCq6%Co ball under water.

(contact pressure approximately 2.8 GPa) and sliding
speed of 10 cmys, where the WSe films survived forx

8000 cycles. It was frequently reported that the film is
in wrong orientation for lubrication if the basal planes
are perpendicular to the substratew39x. Therefore, the
film 5 was chosen as a self-lubricating layer due to its
strongc-axis w0 0 0 1x texture. The self-lubricating layer
of WSe yTiCN coating did not wear through over thex

total sliding distance of 1000 m(;19 500 cycles). The
friction coefficient varied between 0.04 and 0.015 at
30% humidity depending on the type of supporting
coating. Fig. 10 shows the friction coefficients of the
WSe yTiC, WSeyTiCN and WSeyTiSiN coatingsx x x

against 3 mm WCq6%Co ball as a counterpart material.
The WSe films, 0.6–0.7mm thick, were deposited byx

IAPLD on HSS substrates. The thickness of hard under-
layer deposited by MS or RMS was varied within the
range of 0.7–0.9mm. The friction coefficient of WSeyx

TiCN and WSeyTiSiN coatings displayed an initialx

maximum, 0.07 in height, followed by a drop to 0.03
after 300 m (WSe yTiCN) and 0.015 after 250 mx

(WSe yTiSiN). The appearance of initial maximum hasx

been reported for TiN–MoS coatings to be attributed2

to the formation of oxide transfer film based on rutile
w40x. No such maximum was observed in the case of
WSe yTiC coating, indicating that the contact adhesionx

was lower. Wear-through of the top layer of WSeyTiCx

and WSeyTiSiN coatings occurred after approximatelyx

7500 cycles, whereas coefficient of friction of WSeyx

TiCN coating remained below 0.05 after 20 000 revo-
lutions. The friction coefficient of double-layered
coatings in atmospheric conditions was an order of
magnitude lower than that of carbide, nitride and car-
bonitride coatings.

It was frequently reported on friction induced re-
orientation of MoS and WS basal planes parallel to2 2

substrate surfacew41,42x. In the case of equaxed WSe2

nano-grains embedded in amorphous a-WSe matrix,x

WSe nanocrystallites might re-orient themselves in the2

favor direction normal to the sliding interface as well.
Additional study is necessary to clarify this question.

Under water, friction coefficient of WSeyTiSiN coat-x

ing was as low as 0.06(Fig. 11). The background of
friction curve was typically flat, although the fluctua-
tions within the range of 0.04–0.1 were observed. The

results obtained show that the WSeyTiSiN coatings arex

effective as lubricants, even under water.
Oxygen is a common contaminant of the transition

metal dichalcogenides. The oxygen atoms have been
reported to substitute for non-metallic atoms in MoS2

structure to form MoS O and deteriorate friction2yx x

performancew43x. In contrast, improved WSe filmx

performance in our study could be due to film composite
structure consisting of WSe , W O and a-WSe phases.2 3 x

4. Summary

The WSe films were formed by PLD and IAPLD.x

The microstructure and chemical composition of WSex

films were studied by means of XRD, SEM and TEM,
AES and EDS. The WSe films were characterized inx

terms of their hardness, elastic modulus, surface topog-
raphy and wear performance. The structure of WSex

films was shown to consist of various nanocrystalline
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mixtures of WSe and W O phases in an a-WSe matrix.2 3 x

Depending on deposition conditions, the WSe crystal-2

lites were oriented with their basal planes either parallel
or perpendicular to the substrate surface. In the last case
the incorporation of oxygen atoms between the basal
planes caused lattice distortion and increased thec-axis
lattice parameter. Improved endurance of WSe coatingsx

was due to their composite structure. The presence of
hard under-layer was shown to be essential for extremely
low friction. The WSeyTiC films showed low frictionx

from the very start of the tests without initial maximum.
The superior performance of WSeyhard coating systemsx

both in air and under water suggests that the double-
layer coatings are suitable for use in terrestrial tribolog-
ical applications.
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